The Chinese main air transport network (CMATN) is the framework for air passenger transport in the country. This study uses complex networks and an econometric model to analyze CMATN's evolution and determinants. In terms of overall network structure, the network has always shown small-world properties, with smaller average path lengths (2.06-2.15) and larger clustering coefficients (0.68-0.77), while its cumulative degree distribution follows an exponential function. City passenger volumes conform to the degree power law function, which means that the more destinations a city connects to, the higher its passenger traffic will be. In major hub cities, such as Beijing, Shanghai, and Guangzhou, control power decreases, while Chengdu, Kunming, Chongqing, Xi'an, Urumqi, and other cities play an increasingly important role in CMATN. In terms of main route passenger volumes and formation, increases in GDP and tourism have had a promoting effect, while high-speed rail (HSR) poses a threat to overlapping routes. CMATN is primarily located in the central and eastern regions, focusing on China's economy, tourism, and efficient HSR development. Although the competition from HSR affects the overall network structure of CMATN based on its influence on specific routes, we believe that the impact is limited due to the different transport attributes of the two networks. The research results of this study can become an information source for decision makers and provide a reference for air transport to seek sustainable development.
Introduction
Recently, the development of complex network theory has led to many studies being published in the traffic field [1] , including research on the network structure of high-speed passenger transport systems, such as high-speed rail [2, 3] and air transport [4] [5] [6] [7] [8] [9] [10] . As a complex man-made network, the air transport network plays an important role in human social and economic development. In the study of air transport networks, scholars not only pay attention to the statistical characteristics and categories of networks (e.g., small-world, scale-free networks), but also to the attributes of node cities and passenger flows.
From the analyses of complex networks, scholars consider that air transport networks are mainly divided into small-world and scale-free networks. Guimerá et al. [11] and Wandelt et al. [12] observed that the world air transport network is a scale-free small-world network, which means that the cities with the most routes are not the central cities. The Italian air transport network, as studied by Guida and Maria [13] , also exhibits a scale-free, small-world property. Bagler [4] studied the properties of weighted networks and compared them with their topological features. This also led to the finding that the Indian air transport network is a small-world network, with large clustering coefficients and a small average number of shortest path edges between all pairs of nodes [14] . Many countries' air transport network has attained a relatively large scale [28] and evolved as a complex network [51] . Further, in recent years, China's air transport market has maintained a relatively rapid development rate. The "Annual Review 2017" issued by the International Air Transport Association (IATA) mentioned that "once again, the domestic China passenger market saw the biggest incremental change in journey numbers, with 37 million more passenger journeys." [52] . Nowadays, China is the second largest air passenger market after the United States [53] . The largest contribution to air transport volumes comes from cities in CMATN.
According to the statistical standards of "Statistical Data on Civil Aviation of China 2017," passenger volume is above 300,000 per year for main routes in China. The air transport network consisting of these routes and city-pairs is called CMATN in this paper. CMATN is primarily located in the eastern and central regions, where the economy and tourism have developed rapidly. From 2007 to 2010, CMATN accounted for more than 70% of China's domestic total passenger volume, showing an upward trend ( Figure 4 ). However, since 2011, the passenger volume ratio of CMATN has begun to decline. This is because of the continuous development of China's regional airlines. China has invested in the construction of new regional airports and regional flights have flourished ( Figure 5 ), which has promoted the increase in total air passenger volume. HSR competition has also led to tremendous changes in public travel [54] . However, the impact of HSR on CMATN's passenger volume is significant. China's HSR operation areas overlap with those of CMATN's, and the impact on CMATN's passenger volume is significant. Both are concentrated in the densely populated, economically developed, and tourism inclined central and eastern regions, as shown in Figure 6 . China's air transport network is also developing rapidly given that the civil aviation industry has undergone a series of reforms in the past three decades [50] . Since the 1980s, China's air transport network has attained a relatively large scale [28] and evolved as a complex network [51] . Further, in recent years, China's air transport market has maintained a relatively rapid development rate. The "Annual Review 2017" issued by the International Air Transport Association (IATA) mentioned that "once again, the domestic China passenger market saw the biggest incremental change in journey numbers, with 37 million more passenger journeys." [52] . Nowadays, China is the second largest air passenger market after the United States [53] . The largest contribution to air transport volumes comes from cities in CMATN.
According to the statistical standards of "Statistical Data on Civil Aviation of China 2017," passenger volume is above 300,000 per year for main routes in China. The air transport network consisting of these routes and city-pairs is called CMATN in this paper. CMATN is primarily located in the eastern and central regions, where the economy and tourism have developed rapidly. From 2007 to 2010, CMATN accounted for more than 70% of China's domestic total passenger volume, showing an upward trend (Figure 4 ). However, since 2011, the passenger volume ratio of CMATN has begun to decline. This is because of the continuous development of China's regional airlines. China has invested in the construction of new regional airports and regional flights have flourished ( Figure 5 ), which has promoted the increase in total air passenger volume. HSR competition has also led to tremendous changes in public travel [54] . However, the impact of HSR on CMATN's passenger volume is significant. China's HSR operation areas overlap with those of CMATN's, and the impact on CMATN's passenger volume is significant. Both are concentrated in the densely populated, economically developed, and tourism inclined central and eastern regions, as shown in Figure 6 . In order to examine the evolution and determinants of the air transport network, this study considers the case of CMATN and analyzes CMATN's evolution from the point of view of overall network structure and centrality from 2007 to 2016. Complex network theory and econometric models are used to illustrate the impacts of GDP, tourism, and HSR competition on the main routes In order to examine the evolution and determinants of the air transport network, this study considers the case of CMATN and analyzes CMATN's evolution from the point of view of overall network structure and centrality from 2007 to 2016. Complex network theory and econometric models are used to illustrate the impacts of GDP, tourism, and HSR competition on the main routes of CMATN. As such, the research results of this study can become an information source for decision makers and provide a reference for air transport practitioners seeking the sustainable development of their industry.
Study Area and Data
The study area of this study is mainland China (excluding Hong Kong, Macao, and Taiwan). The study object is the undirected network formed by the routes with a volume above 300,000 air passengers during 2007-2016. For each year, cities are nodes and the routes are edges, and an annual passenger volume above 300,000 is the criterion for selecting nodes and edges. Figure 7 shows the number of cities and routes in the network from 2007 to 2016. CMATN shows remarkable improvements in both the number of routes and cities: the number of routes in 2016 was 2.13 times that of 2007, and the number of cities also increased. In order to examine the evolution and determinants of the air transport network, this study considers the case of CMATN and analyzes CMATN's evolution from the point of view of overall network structure and centrality from 2007 to 2016. Complex network theory and econometric models are used to illustrate the impacts of GDP, tourism, and HSR competition on the main routes of CMATN. As such, the research results of this study can become an information source for decision makers and provide a reference for air transport practitioners seeking the sustainable development of their industry.
The study area of this study is mainland China (excluding Hong Kong, Macao, and Taiwan). The study object is the undirected network formed by the routes with a volume above 300,000 air passengers during 2007-2016. For each year, cities are nodes and the routes are edges, and an annual passenger volume above 300,000 is the criterion for selecting nodes and edges. Figure 7 shows the number of cities and routes in the network from 2007 to 2016. CMATN shows remarkable improvements in both the number of routes and cities: the number of routes in 2016 was 2.13 times that of 2007, and the number of cities also increased. This study uses three data sources: 1. Passenger volume of air transport comes from the "Statistical Data on Civil Aviation of China," published annually by the Development Planning Division of China Civil Aviation Administration. Over the past few years, standards have changed. From 2007 to 2012, passenger volumes above 50,000 were recorded. In 2013, volumes above 100,000 were considered and, since 2014, volumes above 300,000 were taken into consideration. Therefore, we consider the statistical caliber of 2014-2016 with routes of annual passenger volumes of over 300,000 as the main routes in China. This study uses three data sources: 1. Passenger volume of air transport comes from the "Statistical Data on Civil Aviation of China," published annually by the Development Planning Division of China Civil Aviation Administration. Over the past few years, standards have changed. From 2007 to 2012, passenger volumes above 50,000 were recorded. In 2013, volumes above 100,000 were considered and, since 2014, volumes above 300,000 were taken into consideration. Therefore, we consider the statistical caliber of 2014-2016 with routes of annual passenger volumes of over 300,000 as the main routes in China.
2. Socio-economic and tourist data are derived from the annual "China Urban Statistics Yearbook," published by the China Statistical Bureau, and the "Statistical Bulletin of National Economic and Social Development," issued by various cities.
3. The opening times of HSR on all lines come from the "China Railway Yearbook," published by the Archives History Center of the Ministry of Railway, Archives History Center of China Railway Corporation (on 14 March 2013, the Ministry of Railways was dissolved and a separation between the government and transport company was implemented. The administrative responsibility of the Ministry of Railways for formulating railway development plans and policies was assigned to the Ministry of Transport. On March 17, the China Railway Corporation was officially listed. Therefore, the Archives History Center of the Ministry of Railways was renamed the Archives History Center of China Railway Corporation), and information from the official website.
Methods
The main purpose of this study is to examine the evolution of CMATN and the impact of GDP, tourism, and HSR, an external competitive factor, on air passenger volumes and network structure. To this end, we use the complex network method to analyze the changes in network structure and an econometric model to analyze the impact of GDP, tourism, and HSR on air passenger volumes and formation of routes.
Network Analysis
Network analysis emphasizes the key guiding principle of structural relationships, in which the composition of social structure is the regularity of the relationship between tangible entities [55] . Thereby, entities can be natural persons, small groups, organizations, or countries. The primary purpose of network analysis is to accurately measure and display network structures, while also explaining the reasons behind the results. Obviously, the air transport network can also be regarded as a complex network.
The CMATN can be regarded as network G = (V, E) with nodes |V| = n, edges |E| = m, node set V = {v i : i = 1, 2, 3, · · · , n}, and edge set E = {e i : i = 1, 2, 3, · · · , m}. The adjacency matrix A n×n = [a ij ] n×n represents the connectivity of the network and a ij = 1 indicates that node v i is directly connected to node v j ; otherwise, a ij = 0. The weight matrix A w n×n = [w ij ] n×n represents passenger volume from node v i to node v j . Table 1 presents the indicators used to analyze the overall network topology and city centrality. 
Measure

Symbol or Equation General Implication
Overall network structure
Network density D is the ratio of the actual number of edges to the maximum number of containable edges in the network. Network density measures the interconnections among nodes and reflects the overall distribution and tightness of the entire network.
is the number of edges connected by node v i [56] . Usually, the higher the degree of a node, the greater the role of the node in the network [57, 58] . The average degree k is the average of the sum of all nodes' degrees, that is, the average number of edges connected by each node in the network.
Degree distribution p(k) (n k is the number of nodes whose degree is k) is the frequency distribution of node degrees. It can be used to analyze the changing rules of nodes from a statistical viewpoint. The cumulative degree distribution P(> k) is the sum of p(k), where k → +∞ . It is an important index to measure the type of a real network.
Average path length
Average path length L measures the average number of shortest path edges d(v i , v j ) between all pairs of nodes [14] . It reflects the compactness and accessibility of the network, and is an important index to measure the performance of a network [59] .
Average clustering coefficient
Clustering coefficient C(v i ) reflects the local cohesion of the network and the transfer function of a node. Average clustering coefficient C is the average of the clustering coefficients of all nodes, reflecting the aggregation degree of the entire network. The average clustering coefficient of a real network is usually larger than that of random networks of the same size.
Relationship between average strength and degree
a ij w ij is the sum of the weights of all connected edges of a node v i . S(k) is the distribution of the average strength (i.e., average node strength with the same degree) with nodes' degrees. It is used to analyze the relationship between a node's degree and strength. 
Measure Symbol or Equation General Implication Centrality
Normalized degree centrality
To eliminate the influence of different network scales on degree centrality over time, we adopt normalized centrality. Normalized degree centrality C D (v i ) measures the ability of communication between a single node and other nodes, which reflects the degree to which the former node is in a relative central position in the network.
Normalized closeness centrality
Normalized closeness centrality C C (v i ) examines the degree to which a node does not depend on other nodes to reach another node. If the distance between a node and all other nodes is short, then the node is the center of the network. When the sum of distances tends to infinity, the value of C C (v i ) tends to zero, that is, this node is not in a central position and its normalized closeness centrality is very small.
Normalized betweenness centrality
Normalized betweenness centrality C B (v i ) is a control index, which reflects that a node becomes an intermediary between other nodes. g jk is the geodesic distance path between node v j and nodes v k and g jk (v i ), the geodesic distance path between node v j and node v k , through node v i .
Econometric Model
To analyze the impact of GDP, tourism, and HSR on CMATN's routes, we adopt an econometric model (1) and a binary logit model (2), which respectively calculate passenger volumes and route dummy variables using GDP, tourism, and competition (HSR), with population as a control variable. GDP, HSR, and population, as independent variables, are widely used in empirical studies of air passenger volume changes [43, [60] [61] [62] , with some studies analyzing the role of tourism as well [63, 64] . Model (1) is mainly used to measure the impact of GDP, tourism, and HSR on CMATN from the perspective of passenger volume (network weight). Passenger volume panel data of 281 routes with or without HSR competition from 2007 to 2016 are used. Model (2) is used to analyze the impact of GDP, tourism, and HSR on routes (network edges) entering or exiting CMATN. The panel data of 148 routes with entry or exit CMATN are used.
The dependent variable w t ij in model (1) is the passenger volume from city v i to city v j in year t. (2) is a dummy taking 1 if air passenger volumes from city v i to city v j are more than 300,000 in year t, and 0 otherwise. The independent variables are explained as follows.
HSR t ij is a dummy variable, taking 1 if the route has HSR competition, and 0 otherwise. Its sign is expected to be negative.
GDP t ij
is an economic attribute of city-pairs. To reflect the different economic attributes of each route, we process this independent variable as min(
). Its sign is expected to be positive. ). The sign of this coefficient is also expected to be positive.
Results and Analysis
Network Evolution Analysis
In this section, we analyze the current situation of CMATN using original data, and the overall network structure and centrality of CMATN using the complex network approach. The results reflect the evolution and determinants of CMATN.
Original Data Analysis
Recently, China's economy has exhibited rapid development. The air transport industry has also developed vigorously, and new routes have become members of CMATN on a regular basis. Figure 8 shows CMATN in 2007, 2010, 2013 and 2016, and we determine its changing process in the following.
1. Overall, regarding the increasing density of the network, the network has made tremendous progress in terms of both the number of routes and total passenger volume, being concentrated in the eastern part of the Hu Line (this line is virtually a straight line from Heihe to Tengchong and it exhibits an overwhelming high-density of economic and social functions). The Center and the East are the most prosperous regions of China in terms of social and economic development. In this area, the evolution of CMATN has progressed from being simple to complex. It can be said that social and economic factors have played an important role in the development of CMATN. For this reason, we consider the factors of GDP and population in this paper. 2. In terms of network nodes, there are several core cities in the network. Throughout the development process of CMATN, Beijing, Shanghai, Guangzhou, Shenzhen, and Chengdu are important cities in terms of the number of routes and passenger volume. Kunming, Xi'an, and Chongqing have also become important transit cities due to the subsequent development. There are six routes for which passenger volumes always exceed all other routes, as shown in Figure 9 . Compared with Chengdu-Shanghai and Chengdu-Guangzhou, which ranked seventh and eighth, the other six routes had larger passenger volumes. Among them, Beijing-Shanghai has always registered the largest passenger volume. Despite the opening of the Beijing-Shanghai HSR on June 30, 2011, it has had a limited impact, and air passenger volume on the Beijing-Shanghai route continues to exceed that of Shanghai-Shenzhen by nearly 3 million people. This gap is significant. Beijing, Shanghai, and Guangzhou are China's economic and cultural centers, as well as China's international hubs. They have played an important supporting role in the development of CMATN. Kunming, Xi'an, and Chongqing attract tourists from domestic and foreign locations with their unique tourism characteristics. The development of economy and tourism has promoted the development of China's air transport network and made CMATN more prosperous. 2. In terms of network nodes, there are several core cities in the network. Throughout the development process of CMATN, Beijing, Shanghai, Guangzhou, Shenzhen, and Chengdu are important cities in terms of the number of routes and passenger volume. Kunming, Xi'an, and Chongqing have also become important transit cities due to the subsequent development. There are six routes for which passenger volumes always exceed all other routes, as shown in Figure 9 . Compared with Chengdu-Shanghai and Chengdu-Guangzhou, which ranked seventh and eighth, the other six routes had larger passenger volumes. Among them, Beijing-Shanghai has always registered the largest passenger volume. Despite the opening of the Beijing-Shanghai HSR on June 30, 2011, it has had a limited impact, and air passenger volume on the Beijing-Shanghai route continues to exceed that of Shanghai-Shenzhen by nearly 3 million people. This gap is significant. Beijing, Shanghai, and Guangzhou are China's economic and cultural centers, as well as China's international hubs. They have played an important supporting role in the development of CMATN. Kunming, Xi'an, and Chongqing attract tourists from domestic and foreign locations with their unique tourism characteristics. The development of economy and tourism has promoted the development of China's air transport network and made CMATN more prosperous. 3. Some cities have always been a part of CMATN due to their own specificities: 31 provincial cities, 15 cities with fast economic and tourism development, and a world-renowned tourism resortXishuangbanna. Some cities have become members of the CMATN due to strong tourism development, such as Chifeng, Dali, Beihai, among others. Of course, a few cities have been removed from the network, such as Shantou, Wuyishan, and Yanji. As per Figure 8 , Urumqi developed into a hub, with Korla, Hotan, Kashgar, Aksu, and Yining as its spokes. It is worth mentioning that only Hotan is a prefecture-level city, while the other four cities are county-level ones. To stand out from more than 600 cities in China and become a part of CMATN by registering rapid growth in passenger volumes, cities must have defining characteristics (e.g., Urumqi-Kashgar, whose volume increased from 488,400 in 2007 to 1,535,100 in 2016). We consider that the rapid development of tourism is the key to the formation of the regional hub-and-spoke system. Finally, we can also see from Figure 8 that Kunming and Chengdu also connect many cities famous for tourism. Therefore, tourism can promote the development of CMATN. Table 2 shows the results of the various indicators for the overall network structure. In the 10 analyzed years, overall network density reflects the overall distribution and tightness of the network, with a downward trend followed by an upward trend. During 2009-2013, network density was relatively low compared with the other five years. These five years coincide with the launch and rapid 3. Some cities have always been a part of CMATN due to their own specificities: 31 provincial cities, 15 cities with fast economic and tourism development, and a world-renowned tourism resort-Xishuangbanna. Some cities have become members of the CMATN due to strong tourism development, such as Chifeng, Dali, Beihai, among others. Of course, a few cities have been removed from the network, such as Shantou, Wuyishan, and Yanji. As per Figure 8 , Urumqi developed into a hub, with Korla, Hotan, Kashgar, Aksu, and Yining as its spokes. It is worth mentioning that only Hotan is a prefecture-level city, while the other four cities are county-level ones. To stand out from more than 600 cities in China and become a part of CMATN by registering rapid growth in passenger volumes, cities must have defining characteristics (e.g., Urumqi-Kashgar, whose volume increased from 488,400 in 2007 to 1,535,100 in 2016). We consider that the rapid development of tourism is the key to the formation of the regional hub-and-spoke system. Finally, we can also see from Figure 8 that Kunming and Chengdu also connect many cities famous for tourism. Therefore, tourism can promote the development of CMATN. Table 2 shows the results of the various indicators for the overall network structure. In the 10 analyzed years, overall network density reflects the overall distribution and tightness of the network, with a downward trend followed by an upward trend. During 2009-2013, network density was relatively low compared with the other five years. These five years coincide with the launch and rapid development of HSR (For example, on 1 August 2008, the first meaningful HSR was created in China: the Beijing-Tianjin inter-city HSR. In 2009, the Wuhan-Guangzhou HSR became operational. In 2010, the HSR for Zhengzhou-Xian, Shanghai-Nanjing, Nanchang-Jiujiang, and Shanghai-Hangzhou routes were opened. In 2011, Beijing-Shanghai and Guangzhou-Shenzhen HSR opened. In 2012, the HSR for Zhengzhou-Wuhan, Beijing-Hefei, Harbin-Dalian, and Beijing-Guangzhou became functional. In 2013, the HSR for Nanjing-Hangzhou, Hangzhou-Ningbo, Xi'an-Baoji, Xiamen-Shenzhen, Chongqing-Lichuan, and Beijing-Guilin opened). During this time, it seems that air transport did not seem ready to deal with the impact of HSR. Subsequently, the passenger volume of some air routes began to pick up, meaning air transport has begun to adapt to the existence of HSR. From 2014 to 2016, network density increased, mainly because of the growth in the number of routes. Almost all new routes in the CMATN have had no HSR competition or have had routes with long running times on HSR, which may indicate that air transport is trying to avoid HSR competition in its development. The increase in network density indicates the rapid growth of CMATN's routes and reflects the improvement of network connectivity. 2. Average path length, average degree, and clustering coefficient As a travel convenience indicator, average path length measures the transmission capacity and efficiency of a network [66] . Table 3 shows the distribution of minimum connections for all city-pairs. In 2007, around 80% of city-pairs could be connected directly or in one transit. In 2016, this percentage has fallen by around 6% primarily due to some cities that have entered CMATN being connected with only one regional hub. For example, in Xinjiang, six CMATN cities are only connected with Urumqi. Nevertheless, the change in average path length is not significant (it is a slight overall increase). During these 10 years, the average path length in CMATN remained around 2.10. That is, passengers can shuttle between major cities by changing one flight on average. This is slightly lower than the average path length (2.23) calculated by [1] and not significantly different from Italy's at 1.98-2.14 [13] , but slightly higher than the United States' at 1.84-1.93 [15] . Generally, there is still room for improvement in terms of interconnectedness. However, combined with the network changes in Figure 8 , this seems to imply the improvement of China's regional hub-and-spoke system, as well as an increase in the connectivity between major regional hub cities. In terms of network connectivity, air transport can offset the impact of HSR because of its flexible network design. In other words, although the development of HSR has influenced some air routes, it has generally not caused any substantial changes in air network accessibility. The average node degree reflects the average number of edges connected by each node in the network. As Table 2 shows, the average degree increased sharply (6.64-10.25) , which means that the average number of routes connecting each city in CMATN has increased significantly. The increase in the average degree does not result in a greater fluctuation of the average path length, which is usually the result of strengthening regional hub-city linkages and the emergence of cities with one degree. Generally, the cities with one degree are generally connected with a regional hub city. This has led to improved local hub-and-spoke structures being formed. We can conclude that China is building a more efficient local hub-and-spoke system and is constantly strengthening the links between local hub cities. The development of Urumqi and Kunming in CMATN shows this phenomenon. Through centrality analysis, this idea can be further verified.
Overall Network Structure Analysis
Network density
Overall Network Structure Analysis
Network density
The clustering coefficient measures the overall density of interconnected nodes in a network, which obviously decreased, and the clustering coefficient is much larger than that of a same-scale random network (as Table 2 shows). The decrease in average clustering coefficient implies a decrease in the probability of travelling with fewer transfers in the network and confirms the result derived from Table 3 . The calculations for the results of average clustering coefficients and average path length are similar to Wang et al.'s [1] research, so we argue that CMATN always presents small-world properties, with small average path length and large clustering coefficients.
Viewed from the overall network structure, the development of CMATN, with the increase in network density and average degree, the decrease in clustering coefficient and the stabilization of average path length, is becoming more and more balanced. This suggests that the connectivity between major regional hub cities and China's regional hub-and-spoke system is improving.
3. Degree distribution and relationship between average strength and degree The cumulative degree distribution follows an exponential distribution, while the relationship between average strength and degree is subject to the power-law. According to the cumulative degree distribution function in Table 2 , a and b have increased, which reflects that P(k) is increasing to the same degree, as shown in Figure 10 . This indicates that the number of cities with a high degree is increasing. According to the function of the relationship between average strength and degree in Table 2 , α has decreased and γ has increased. Further, the strength and degree show a strong correlation, indicating that the more routes a city connects, the higher its passenger volume is, as shown in Figure 11 . From Figure 11 , we also find that the numbers of cities that are responsible for sending large numbers of passengers has increased. Based on a comprehensive analysis of the changes in these two functions, the trend of CMATN is to distribute large changes in passenger volumes from few to multiple cities. This also more intuitively explains the clustering coefficients' decrease and proves that the hub-and-spoke system is being optimized.
correlation, indicating that the more routes a city connects, the higher its passenger volume is, as shown in Figure 11 . From Figure 11 , we also find that the numbers of cities that are responsible for sending large numbers of passengers has increased. Based on a comprehensive analysis of the changes in these two functions, the trend of CMATN is to distribute large changes in passenger volumes from few to multiple cities. This also more intuitively explains the clustering coefficients' decrease and proves that the hub-and-spoke system is being optimized. Table 4 shows the degree and strength of CMATN's major cities. Obviously, the degree and strength of Beijing, Shanghai and Guangzhou are always in the top three, and growth is relatively small, while other cities grow rapidly in both degree and strength. Those cities that have benefited from the development of CMATN are quietly changing the network structure. Except for Beijing, Shanghai and Guangzhou (which are also central cities of the HSR network), other cities are playing an increasingly important role in CMATN. In order to further analyze the role of cities in CMATN, we analyzed the centrality. Table 4 shows the degree and strength of CMATN's major cities. Obviously, the degree and strength of Beijing, Shanghai and Guangzhou are always in the top three, and growth is relatively small, while other cities grow rapidly in both degree and strength. Those cities that have benefited from the development of CMATN are quietly changing the network structure. Except for Beijing, Shanghai and Guangzhou (which are also central cities of the HSR network), other cities are playing an increasingly important role in CMATN. In order to further analyze the role of cities in CMATN, we analyzed the centrality. Table 5 shows the top 20 cities' centralities in 2007 and 2016. Over time, Beijing, Shanghai, and Guangzhou ranked as the top three in terms of normalized degree centrality and normalized closeness centrality, but their centralities registered a downward trend. As the three major hubs of China, these cities have high control over the entire network, but the control level has declined with the evolution of the network. Normalized degree centrality measures the communication ability between a single node and other nodes, which reflects the degree to which the former node is in a relative central position in the network. As the ranking has changed, the normalized degree centrality of other cities has shown an upward trend, with cities such as Chengdu, Kunming, Chongqing, Xi'an, Nanjing, among others, having increased their roles significantly. Overall, in CMATN, the ability of many cities to have direct contact with other cities has increased. The normalized closeness centrality examines the degree to which a node does not depend on other nodes to reach another node. In terms of normalized closeness centrality, except for Shenzhen's decline and Chongqing's rise, the top 10 cities fluctuated little, while the bottom 10 cities fluctuate greatly. Overall, after 10 years of development, the normalized closeness centrality of these cities improved greatly (except for Beijing, Shanghai, Guangzhou, Shenzhen, and Changsha). This shows that the average shortest distance from many big cities to all other cities decreased. In other words, the increase in the normalized closeness centrality of major cities reflects the increase in the ability of cities to reach each other easily.
The normalized betweenness centrality reflects the extent to which a node is an intermediary between other nodes. In terms of normalized betweenness centrality, the top seven cities have always played an important role, being intermediaries of passenger flows between other cities. Shanghai, in particular, has reached the top of the list. Chongqing and Urumqi have improved greatly, which can be attributed to the rapid development of regional networks, making them regional hubs. The normalized closeness centrality of other cities has also increased.
Combined with the results from Table 4 , we can conclude that Beijing, Shanghai, and Guangzhou are still the largest hubs in China's domestic air passenger transport market, followed by Chengdu, Kunming, Chongqing, and Xi'an. Although Shenzhen has a high centrality, it has a limited role as an intermediary of high passenger flows between other cities. The central positions of Beijing, Shanghai, Guangzhou, and Shenzhen have declined, meaning that the creation of routes with more than 300,000 passengers no longer depends entirely on these four cities, but tends to rely on several large cities with developed tourism sectors.
Impact of GDP, Tourism and HSR
This section analyzes the impact of GDP, tourism, and HSR on air passenger volume and the formation of CMATN routes. We estimated the parameters of the passenger volume impact model (1) using data on 281 routes from 2007 to 2016, while the parameters of the route formation model (2) were estimated using data on 148 routes that entered or exited CMATN from 2007 to 2016. We use panel data and the Hausman test results to reject the null hypothesis that the random effect estimates are consistent and superior to the fixed effect ones. Therefore, we use the fixed effect model of clustering robust standard errors and the fixed effect logit model of the self-help method to estimate standard errors in models (1) and (2) .
The regression results are given in Tables 6 and 7 . In Table 6 , the coefficient of HSR estimates the competition effects of HSR on air passenger volumes, and the coefficients of GDP, tourism and population also estimate the average effects of these variables on air passenger volumes. In Table 7 , the coefficient of HSR estimates the effect of HSR on the odds ratio of a route becoming a member of CMATN. Notes: *** Signifcance levels of 1%; ** Signifcance levels of 5%; * Signifcance levels of 10%. Notes: *** Signifcance levels of 1%; ** Signifcance levels of 5%; * Signifcance levels of 10%.
According to these results, HSR has a significant negative effect on passenger volume and the formation of CMATN routes, which indicates that competition from HSR not only puts pressure on air passenger volumes, but also affects CMATN structure by increasing the probability of routes exiting CMATN. When HSR exists on a certain route, the average air passenger volumes are 14.973 thousand lower than those without HSR, and the odds ratio of a route exiting CMATN increases 93.59% [exp(−2.747) − 1 = −0.9359] as compared to those without HSR under the same conditions of other factors. Base on the original data, it can be said that the competition from HSR affects some routes, not only inhibiting their growth in terms of passenger volume (e.g., Jinan-Hangzhou, Guiyang-Changsha, Wuhan-Guiyang, Jinan-Dalian, Guangzhou-Zhengzhou, Beijing-Shenyang, Beijing-Yantai, Beijing-Nanjing, Wuhan-Guangzhou, Shenzhen-Wuhan, Shanghai-Wenzhou, and Nanchang-Shanghai) but also increasing their probability of withdrawing from CMATN (e.g., Wuxi-Beijing, Guangzhou-Nanning, Guangzhou-Changsha, Changsha-Shenzhen, Shanghai-Jinan, Beijing-Jinan, Shenzhen-Xiamen, and Beijing-Zhengzhou). Most routes entering CMATN do not overlap with HSR or overlap with HSR routes with long running times (e.g., Nanjing-Jinan, Hefei-Chongqing, Hefei-Chengdu, Nanchang-Chengdu, Haikou-Chengdu, Lanzhou-Chengdu, and many other routes). HSR development will thus affect air passenger volumes and network structure.
The GDPs of city-pairs have a significant positive effect on passenger volume and the formation of CMATN routes, which indicates that GDP increases promote the increase in air passenger volumes and the likelihood of a route becoming a main one. The nodes in Figure 9 are cities with high GDP. These cities not only have growing passenger volumes among them, but have also formed many new main routes.
The tourism attributes of city-pairs also have a significant positive effect on passenger volume and the formation of CMATN routes, which indicates that tourism will promote the increase in air passenger volumes and the creation of major routes. Figure 8 shows that the local hub-and-spoke system of Urumqi and Kunming is the result of the development of tourism.
Models (1) and (2) analyze the impact of GDP, tourism, and HSR on the network from the perspective of weight (passenger volume) and edges (main routes). The results validate the results of the complex network analysis. Combining both results, we can conclude that although the competition from HSR will affect the structure of CMATN, the impact is limited because the HSR line is already established, while the geographical limitation of air transport is relatively small [17] and setting air routes is relatively flexible.
Discussion and Conclusions
In order to study the evolution and determinants of the air transport network, this study considers the case of CMATN and discusses the evolution of CMATN and the influence of GDP, tourism, and HSR on the network structure. Routes with an annual passenger volume of more than 300,000 are the backbone of the air transport network. Therefore, this paper uses this as the criterion for the selection of routes, using complex networks and an econometric model to analyze the evolution of CMATN from 2007 to 2016. Based on the use of complex networks and an econometric model, we draw the following main conclusions:
1. CMATN is mainly located in economically developed and densely populated regions in central and eastern China. In recent years, in terms of both network structure and passenger volume, CMATN improved significantly. In terms of population density, city-pair GDP is the main determinant of the change in network structure, while tourism is the main determinant of the continuous outward expansion of the network.
2. Since 2011, the competition from HSR has led to a decline in CMATN passenger volumes, thus changing the network structure. However, the route design of HSR is not as flexible as that of air transport, so the impact of HSR is rather limited. With the increasing adaptability of air transport to HSR, the network structure of air transport has been continuously optimized. In other words, China is establishing a more effective regional hub-and-spoke system.
3. CMATN changed from having a few cities as main nodes to many cities playing the same role together. Beijing, Shanghai, and Guangzhou have always been important hubs, but their network control power is declining. Conversely, Chengdu, Kunming, Chongqing, Xi'an, Urumqi, and other cities play an increasingly important role in the network. Generally, the formation of routes with passenger volumes above 300,000 does not solely rely on Beijing, Shanghai, and Guangzhou, and the competition from HSR has contributed to this phenomenon. This is not a negative phenomenon and is conducive to the development of Beijing, Shanghai, and Guangzhou as international hub cities. It also promotes the construction of the local hub-and-spoke system. 4. Beijing, Shanghai, Guangzhou, Kunming, Chongqing, Chengdu, and Xi'an are the seven most important hub cities, forming an O shape on the map. Each city has a relatively broad "spoke" space. This type of distribution of cities is becoming increasingly important in CMATN, as the entire network structure is becoming increasingly complex and the hub-and-spoke system increasingly efficient.
5. CMATN is a typical small-world network. The cumulative degree distribution always follows the exponential function, and the strength of cities is positively correlated with their degree. Although the average path length does not change significantly, the increase in the average degree and decrease in the average clustering coefficient further illustrate that the network is becoming more complex and the role of each city is constantly changing. All these results indicate that CMATN is developing from transporting a large numbers of passengers through a few cities to channeling transportation through many cities, which also proves the optimization of the system.
As we could not obtain passenger data for all air routes in China over the past 10 years, we were unable to study the evolution process of the entire air transport network of China. However, as the backbone of the air transport network, CMATN is the busiest passenger transport network in China. Certain reference values for identifying the changing rules of the air transport network and analyzing its determinants that are helpful for civil aviation's sustainable development have been identified and discussed in this paper.
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